Energy requirements of pediatric intensive-care patients are unknown due to the difficulty of measuring total energy expenditure in free-living conditions. We investigated energy expenditure and body composition in stable pediatric intensive-care patients receiving long-term ventilatory support. Total energy expenditure and total body water were measured in 10 such patients using the doubly-labeled water method. The patients had significantly lower energy expenditure than healthy children of the same age. Relative to length, fat-free mass deposition was significantly lower, and fat deposition was significantly greater, than in healthy subjects. In general, total energy requirements of these patients are significantly reduced as compared to healthy children, which can be attributed to their lower activity levels and their reduced muscle mass. Although they gain weight similar to healthy children, their weight gain is disproportionately higher in fat. However, one patient with myofibromatosis contradicted this general pattern.
Introduction
Energy intake is a vital component of patient management in pediatric intensive care. Energy is required for basal metabolism, growth, and the level of physical activity allowed or imposed by the disease state. In con-trast to most nutrients, there is only one level of energy intake that is appropriate for each individual given their body composition, health status, and activity level [1] , and inappropriate provision of energy may lead to excess weight gain or to growth being constrained.
Energy requirements are primarily determined by absolute body size, body composition, and activity level, with a disease state also potentially exerting additional effects. Of these factors, only the first is readily measured in typical intensive-care unit (ICU) conditions. The ability of body weight to predict energy requirements is poor even in healthy infants [2] , and is further reduced if underlying body composition is significantly different from normal. For example, if body fatness is low, a larger than expected proportion of body weight may require energy. Conversely, if fatness is high, the relative proportion of fat-free mass (FFM) and hence energy requirements will be reduced. Information on body composition would clearly help clinicians to estimate energy requirements, however few methods are suitable for young patients, and those that are simple to perform have poor accuracy and precision.
Activity level also poses a significant problem. Many stable ICU patients are not bed-bound, and so measurement of resting metabolic rate by classical indirect calorimetry is neither an appropriate nor a feasible source of information on total daily energy requirements. At the same time, their activity level may be reduced as compared to that of healthy children of the same age, due to the constraints of the hospital environment and the disease-state. For example, ventilated patients with chronic lung disease are not bed-bound, but are constrained physically by the artificial ventilator to which they are attached, and physiologically by the condition of their lungs.
Estimation of energy requirements in such patients is therefore extremely difficult. Dietitians attempt to provide intakes consistent with normal weight gain, but are unable to confirm that this weight gain reflects the composition found in healthy subjects. Management is obliged to proceed on the basis of trial and error, using indications of excess or inadequate weight gain to mold Energy requirements and body composition in stable pediatric intensive care patients receiving ventilatory support 96 intake to perceived requirements.
We measured total energy expenditure (TEE) and body composition, using the doubly-labeled water method, in pediatric patients receiving long-term artificial ventilation. The study tested two hypotheses-that body composition in these patients is significantly different from that of healthy subjects and that energy requirements are reduced compared to those of healthy subjects.
Methods
Patients were recruited into the study from the ICU and transitional care wards at Great Ormond Street Hospital, London. Those eligible for participation were patients whose condition was stable, but who required long-term ventilatory support. Ethical permission was granted by the research ethics committee of Great Ormond Street hospital. The study was initially intended to measure 12 patients, but will be continued in the future in order to obtain further information about specific disease states. This paper refers to the first 10 patients measured.
Weight was measured where possible with Seca 727 electronic scales (CMS Weighing Ltd., London, UK), or, where this was beyond patient capability, using a weighing chair. Length was measured with a Rollametre (Raven Equipment Limited, Essex, UK). Skinfold thickness was measured at the triceps and subscapular sites using Holtain calipers. Weight, height, body mass index (BMI), and skinfold standard deviation (SD) scores were calculated using current UK reference data [3] [4] [5] .
TEE and total body water (TBW) were measured using the doubly-labeled water method, described in detail elsewhere [6] . Briefly, a dose of 2 H 2 18 O was given by nasogastric or gastrostomy tube, and flushed with sterile water. Urine samples were collected predose and on days 1, 2, 3, 5, 6, and 7 post-dose, with the time of the post-dose samples known to within 30 minutes. Urine samples were analyzed for 2 H and 18 O enrichment using isotope-ratio mass spectrometry. All samples were analyzed in duplicate.
Isotope dilution spaces and rate constants were calculated, allowing calculation of total energy expenditure using established equations [6] . Fat-free mass (FFM) was calculated by adjusting total body water (TBW) for the water content of fat-free tissue [7] . Fat mass (FM) was calculated as weight minus FFM. Both FFM and FM were adjusted for height by dividing by height squared to give the fat-free mass index (FFMI) and fat mass index (FMI) [8, 9] .
Reference data for TEE, FFMI and FMI were derived from previously published data [10] [11] [12] . Smoothed curves were obtained for mean ±1SD. Individual data points for patients were plotted on graphs of the refer-ence data. Difference from the age-specific mean was calculated for all variables. Compared to hypothesized differences between patients and controls, sex-differences in body composition and energy expenditure were relatively minor [11, 12] , and the reference data was therefore not split by sex.
Results
All patients invited to take part in the study agreed to participate, and all successfully completed the protocol. Age, anthropometric SD scores, and diagnosis of the patients are given in table 1. Mean (SD) standard deviation scores were -0.33 (2.00), 0.15 (3.08), and -0.53 (1.68) for weight, height, and BMI, respectively. These mean values were not significantly different from zero.
Total energy expenditure was lower than the average for healthy children of the same age (mean (SD) deficit 122 (200) kcal/day; p = .086). This difference was significant when expressed per kg body weight (deficit 12.8 (18.5) kcal/kg/day; p = .020) ( fig. 1 ), but not when expressed per kg FFM (deficit 1.66 (2.49) kcal/kg/day; p = .81) ( fig. 2) .
FFMI was likewise reduced (deficit 1.66 (2.49) kg/m 2 ; p = 0.064) ( fig. 3 ). Mean FMI was higher than in healthy subjects (excess 1.21 (1.93) kg/m 2 ; p = .08) ( fig. 4 ). The majority of the patients conformed to this pattern, however, the patient with myofibromatosis contrasted markedly and had significantly higher FFMI (> 2SD scores) and significantly lower FMI (< -2SD scores). When this patient was excluded, the results for body composition achieved statistical significance (FFMI deficit 2.26 (1.68) kg/m 2 ; p < .004; FMI excess 1.66 (1.40) kg/m 2 ; p < .008).
Discussion
On average, stable patients receiving long-term artificial ventilation in the ICU require less energy than healthy subjects. Some of this deficit can be attributed to differences in body composition and some to reduced activity levels. However, within this general pattern it is apparent that not every disease state has the same effect. Thus, further research is required to provide more detailed data for specific disease states. As a group, the patients had low levels of FFM deposition relative to height. This may be due to the lack of stimulation of muscle growth due to physical exercise, as well as possible effects of disease states themselves on growth. However, the patient with disseminated myofibromatosis contradicted this general pattern, having significantly higher FFMI than healthy subjects. This enhanced FFM deposition may be attributed to tumor growth in his muscles.
The dietetic management of these ICU patients aimed to achieve normal rates of weight gain. This is reflected in their mean Z score for weight of near zero, although the range in individuals was from -3.8 to 2.9. However, given the low FFM deposition, the normal weight is associated with high levels of fat. We have Energy requirements and body composition in stable pediatric intensive care patients expressed data relative to length rather than as percentage of fat because the low FFM deposition would artificially inflate the percentage of fat [9] . However, even avoiding this artefact, fatness was significantly higher than in healthy children. The most extreme results were found in the three least active patients with congenital myasthenia (n = 2) and spinal cord injury, who had the lowest FFM deposition and the highest FM deposition. Excess body fat despite normal weight is likely to be found in many hospital patients, but will not be detected unless body composition, rather than anthropometry, is measured. Again, the patient with myofibromatosis conflicted with this pattern, having significantly depleted levels of fat.
The low levels of FFM in these patients, along with the reduced activity levels, are likely to explain the reduced TEE and TEE per kg of body weight. The fact that TEE per kg of FFM is similar to that of healthy children, despite the difference in activity level, is probably due to a shift in the ratio of organ tissues to muscle tissues within the FFM. Organ tissues have higher mass-specific metabolic rate [13] , so if limb muscle mass is constrained compared to organ mass, energy expenditure per unit of FFM is increased. Measurement of body composition by isotope dilution requires adjustment of total body water for the hydration of FFM. In our study, we assumed FFM hydration to be the same as in healthy subjects, however, this may not be true. For example, a change in the organ: muscle tissue ratio of FFM is predicted to alter FFM hydration, as organs have a higher water content. Thus, our values for FFM and FM may be biased. Nevertheless, our findings of enhanced FMI are supported by the skinfold SD scores, which are on average significantly greater than zero, but depleted in the subject with myofibromatosis.
Our study highlights the limitations of basing energy requirements of patients on body weight alone, and demonstrates important associations between body composition, energy utilization, and disease state.
